Peat fires in boreal and tundra regions can potentially cause a high CO 2 release, because of their large soil carbon stocks. Under current and future climate warming the frequency and intensity of droughts are increasing and will cause the plant community and organic soil to become more susceptible to fire. The organic soil consumption by fire is commonly used as a proxy for fire severity and is a large source of carbon release. However, the role of organic soils in both above-and belowground fire behavior has only rarely been studied. In this study we collected soil and branches from Betula pubescens, Pinus sylvestris and Picea abies/obovata from the taiga/tundra ecotone across a large spatial scale. In laboratory fire experiments we burned different fuel type combinations to examine the fire spread through fuel ladders both from branches to soil and vice versa. We found that the tree species identity influences the fire spread from branches to soil and vice versa. The combination of chemical and structural plant traits could explain the stronger interaction between soil and coniferous spruce and pine fuels in a fire ladder compared to the deciduous birch. Therefore, total carbon emission from a boreal forest fire may not only depend on burned plant fuel, but also on the species-specific potential of the trees to ignite the soil. Carbon emission models and forest management could be improved if not only the aboveground plant fuel consumption is considered, but also the interaction between fuels in a fuel ladder and the probability of soil ignition by a forest crown fire and vice versa.
Introduction
Wildfires can have a tremendous impact on ecosystems. Future fire regimes will change because global temperature will continue to increase during this century (Price and Rind, 1994; Flannigan et al., 2000; IPCC, 2013) . In particular at higher latitudes temperatures will increase more than at lower latitudes (Collins et al., 2013) . The changing climate at higher latitudes may cause shifts in tree species composition. Currently the forest-tundra ecotone of Northern Fennoscandia is dominated by downy birch (Betula pubescens) and its location is affected by temperature, local grazing by deer and moose and interactions with shrubs (Cairns and Moen, 2004; Karlsson et al., 2005; Grau et al., 2012) . Sporadically, individuals or groups of pine (Pinus sylvestris) and spruce (Picea abies/obovata or hybrids) are observed. Such outposts of these species may benefit from future climate change and expand northwards and therewith change the local species composition. The distribution of Picea, Pinus and Betula in Northern Europe has shifted over the past millennia and may continue to change this century (Huntley, 1990) . Precipitation plays a crucial role in the distribution of tree species, but future prediction about precipitation have a high uncertainty and therefore the future species composition cannot be accurately predicted (Badeck et al., 2001) . Models suggest that climate warming can cause the distribution of spruce and pine to shift north-east (Sykes and Prentice, 1996) . Comparable shifts in composition of these tree genera may occur in Siberia and perhaps other cold-climate forest areas. Due to species-or genus-specific differences in flammability, such changes in species distribution may change the fire regime and therewith affect ecosystem responses including their carbon balance. Thus, climate change may not only directly affect fire regimes in the tundra-taiga ecotones due to prolonged droughts, but also indirectly through changes in tree species composition.
In general, the moisture content, 3-D arrangement and mass of the fuel are the most important drivers of the fire spread and intensity of a forest fire (Rothermel, 1972; Rowe and Scotter, 1973) , while fuel chemical composition and surface texture may also be important. These properties make that, at given climatic conditions, fire regimes in coniferous forests are expected to be more severe than in broad-leaved forests (Hely et al., 2001) . Two important fire behavior parameters, the fire front intensity and spread rate, are predicted to be higher in coniferous forests. On the other hand, it has been reported that a broadleaved species ignited faster than a needle leaved species (Alessio et al., 2008) . A higher fuel load in coniferous forests may be expected, because along the succession of a boreal forest, the biomass and relative abundance of conifers increase simultaneously (Bergeron and Dansereau, 1993; Goulden et al., 2011) . Also, leaf and woody litter of conifers is generally decomposed more slowly than that of broad-leaf tree species (Pietsch et al., 2014) , resulting in soils with deeper and carbonricher organic horizons and stronger litter accumulation on the soil surface. Furthermore, broad leaves generally contain more water than needles (Rowe and Scotter, 1973) . The tree species composition therefore determines, in part, the fire intensity and severity in boreal forests.
Fire severity, i.e. fuel consumption, in boreal forests is not only based on the combustion of aboveground fuels, but also of the soil organic carbon (SOC). Higher latitude soils can contain large amounts of organic carbon and fire is a fast pathway to release that carbon into the atmosphere (Kasischke et al., 1995) . Under dry conditions and severe fire intensity the soil carbon can ignite and combust in a smoldering state. Large smoldering peat fires are well known for the release of tremendous amounts of carbon (Page et al., 2002; Mack et al., 2011) . The amount of carbon released from fires depends on the fuel composition and fire behavior in the system (Boby et al., 2010) . A change in tree composition, like in Northern Europe, can thus change the aboveground fire behavior and thereby the combustion and release of soil organic carbon.
Changes in species composition can also affect the interaction between aboveground plant species and with that the fire behavior and carbon emission (Rossiter et al., 2003; Brooks et al., 2004; McGranahan et al., 2013; Zhao et al., 2016) . In contrast with the elaborate attention given to aboveground fuels, the role of soil organic carbon in fire behavior, when considered at all, is usually only used as proxy of fire severity (Boby et al., 2010; Parson et al., 2010) . This is a serious omission as the organic carbon that is stored in the top soil layer could play an important role in fire behavior and carbon emission, because organic soils can have a high carbon density and smolder persistently (Rein, 2013) . However, while interactions between different aboveground fuel types are known to cause changes in fire behavior (de Magalhaes and Schwilk, 2012; van Altena et al., 2012; Blauw et al., 2015) , interactive effects of below-and aboveground fuels on fire behavior have rarely been studied. Empirical studies about the role of interactions between soil organic matter and aboveground dead or living biomass on fire behavior are necessary to understand the full scope of fire behavior and carbon emission from fires in ecosystems with soils rich in organic carbon.
The involvement of soil organic carbon in fire depends on ladder fuels, like low-hanging tree branches, shrubs, tree saplings and litter, that can support the fire from spreading from one vertical fuel layer to another (Scott and Reinhardt, 2001) . In this paper we focus specifically on the forest fire ladders close to the surface, i.e. the interface that allow the fire to spread from low-hanging tree branches to soil and vice versa (Fig. 1 , right side; (Schwilk and Ackerly, 2001 ). While there is much evidence for the importance of fuel ladders for fire spread from soil to branches (Bradley et al., 1992; Arno et al., 1995) , very little is known about the importance of low branches in transferring fire into the soil, even though 'spotting' through burning branches being propelled to the surface is a well-known phenomenon (Tarifa et al., 1965; Albini et al., 2012) .
Such fire ladders are more likely at higher latitudes, near the forest-tundra ecotone, because in these open forests self-pruning of lower branches is strongly reduced, leaving many branches that almost or entirely touch the soil surface (Fig. 1, left side) . However, not only the position but also the properties of these potential fuels determine the success of a fire ladder. Plant traits, like, bulk density, concentrations of carbon, terpenes and other secondary compounds can be important for the ignitability and sustainability (Ormeno et al., 2009; de Magalhaes and Schwilk, 2012; Grootemaat et al., 2015; Pausas et al., 2016) . Different fuel types, like leaves, branches and soil organic matter, have distinct trait values and the interaction between these fuels likely determines the above-and belowground fire behavior.
Fire spread, via a fire ladder, is an important fire element that mainly depends on the ignitability of the fuels and temperature of the heat source. The tree species identity, i.e. a unique set of trait values, may be crucial for the success and efficiency of the fire ladder from branches to soil and vice versa. Thus, we hypothesize that variation or changes in tree species composition, via the traitdependent interactions between fuels, determine the functioning of the fire ladder.
To test this main hypothesis we examined how the identity of different tree genera predominant at higher latitudes determines the fire behavior in both directions of a fire ladder, and therefore the specific hypotheses of this study were:
1. that both the soil and plant fuel ignition will be faster and fires more intense in fuel ladders involving branches of coniferous trees compared to those of broad-leaved trees. 2. that with increasing distance between the fuel types, i.e. branches and soil, the ignition and fire intensity should decrease in both directions of the fuel ladder.
To test these specific hypotheses, we combined field sampling of branches and soil material from Betula dominated stands with sparse Picea and/or Pinus individuals, along an extensive geographical gradient among distant sites in Northern Fennoscandia. We then carried out experimental fuel ladder burns in the lab from branches to soil and vice versa. As such, this unique and truly replicated design represents trait and soil variation across Northern Fennoscandia, with implications also for high latitude forests elsewhere.
Methods

Study sites and sampling
In Northern Sweden and Finland we searched at the tundra/-taiga ecotone for Betula pubescens Ehrh. dominated forest stands where either Pinus sylvestris L. or Picea abies (L.) H. Karst/obovata Ledeb., or both, occurred as rare, scattered individuals. We considered these trees to represent potential outposts from which coniferous forest, and associated fire regimes, might spread under a future climate scenario. The seven sites selected were located across a large spatial gradient to avoid any chance of pseudoreplication of the used fuel types (Fig. 2) Table A1 for detailed species description and nomenclature).
At sites 2-6 we collected large amounts of fresh foliated twigs from random exposures and low positions on trees of Betula pubescens, Pinus sylvestris, Picea abies and/or P. obovata (Fig. 2) . The 20-30 cm long terminal section of branches from at least 3 independent individuals were selected. At sites 1 and 7 we did the same but without Picea, which was absent.
The soil samples (from here on referring to the soil organic matter with litter and small plants on top) of 40 Â 20 cm (L Â W) were cut out of the ground with a serrated knife leaving all surface litter and small plants intact. Soil samples with a depth of approximately 8 cm were selected and used in our experiment. The samples were randomly collected around and near the trees that were selected for the branches. All soil and tree samples were numbered and later burned in the same combination to retain the independent, paired soil-branch samples over the seven sites. The soil samples were not selected based on surface fuel criteria but rather to represent the natural situation; thus they covered any possible overall variation across the sites. At each site, 12 (sites 1 and 7) or 18 (sites 2-6) soil samples were collected, i.e. six for each tree species. All the soil and plant material was stored in cardboard boxes, kept air-dry and transferred to a cooling room at Vrije Universiteit, Amsterdam, the Netherlands.
Treatment
The plant and soil samples were stored and slowly dried in a dark cooling room at 5°C and 85% relative humidity for a minimum of 6 weeks and a maximum of 12 weeks, dependent on the moment of burning. One-and-a-half weeks before the material was burned, the branches and soil were dried in a room at c. 16°C and 85% RH. Via this method, the material was first kept fresh in storage and could dry towards near air-dry conditions afterwards, thereby somewhat mimicking field conditions that might lead to fire. Differences in final moisture content could emerge (see below) due to differences in species structure and other moisture regime related traits.
Shortly before the fire experiment a soil sample was cut into a piece of 30 Â 15 cm and a maximum depth of 7 cm. Subsequently, it was cut into two pieces of 15 cm, weighed and placed in a mesh steel case of 30 Â 15 Â 15 (W Â L Â H) with in the middle a solid steel plate of 30 Â 15 (H Â W) to separate the two sides (Fig. 3) . On one side, meshed wire was placed on top of the soil and on the other side the wire was placed 2 cm above the soil sample to create a distance between the fuels, but still allow for possible interaction. This chosen fuel composition should represent, to the extent possible, the forest surface area where soil, surface fuels and lower tree branches are closely connected. On top of the meshed wire (15 Â 15 cm) we placed 35-40 g of plant material (Picea, Pinus or Betula) in a randomly mixed way with gentle pressure. A subsample from both the soil and the plant material was taken to determine the moisture content. The subsamples were oven-dried at 70°C for at least 48 h. The exact soil sample depth, surface cover (mosses and small plants), rootedness (relative amount of roots to soil) and toughness of the soil were scored, but no relations were found with fire behavior (data not shown). The soil depth (W and L being fixed) and mass were used to estimate the bulk density of the soil sample; all soils had a similar bulk density around 0.125 g/cm 3 .
Burning experiment
The fire ladder (Fig. 1 ) experiments were performed in the Fire Laboratory Amsterdam for Research in Ecology (FLARE) at Vrije Universiteit Amsterdam with some modifications of the standard protocols (see Van Altena et al., 2012 and Blauw et al., 2015 for further details). The steel case was placed on a fire-resistant plate under a fume hood with constant air circulation (0.4 m/s). The air temperature and humidity were registered prior to the burning and the flame temperature loggers were positioned at three positions on each side of the steel plate (Fig. 3) . The temperature loggers (1-mm-thick type K thermocouple; TC Direct, Uxbridge, UK) were positioned at c. 2 cm above the plant material, between the plant fuel and soil and 2 cm deep inside the soil, all in the center of each side. The ignition and burning procedure depended on the direction of the fuel ladder that was tested: from branches to soil or from soil to branches, both of which are further explained below. For each fuel leaded direction, each unique treatment (3 species by 2 distances) for each replicate sampling site was repeated three times to cover any variation within sampling sites. The total number of burns for each of the six treatment combinations was 7 sites (birch and pine) or 5 sites (spruce) times 3 pseudo replicates.
In the fire ladder experiment from branches to soil we ignited the plant material using a standard firelighter (55% wax and 45% wood) positioned in the middle on the front side of the plant material. This way the fire could develop before reaching the loggers positioned in the center. In this experiment we focused on the success of the plant material to ignite the soil layer and the effect of the distance between soil and plant material. In the fire ladder experiment from soil to branches we ignited the soil at the bottom using the same firelighters. We positioned the firelighter in the front, under the soil sample and provided some space around the firelighter by removing some of the soil material; this was to ensure the firelighter received sufficient oxygen for its complete combustion. After 15 min of burning, when soil smoldering had started, we removed the remaining firelighter and provided regular, once a minute, horizontal wind gusts of 3 s with an average wind speed of 3.2 m/s (±0.3 SD), using a Ampercell handy fan in a fixed position (very local gust). In this experiment we focused on the ignition of the branches of the different tree species and the effect of the distance between branches and soil.
Measurements
During the experiments we measured the temperature at the three different positions to determine a set of fire behavior parameters. The maximum and sum of temperatures were measured at each of the temperature loggers. The temperature sum is the area under the temperature curve with a baseline at 100°C to exclude the radiant heat from the smoldering soil. This ensures that the temperature sum is actually from the fuel type in which the logger is positioned. In the fire ladder experiment from branches to soil we first calculated the soil ignition success based on the three repeated burns for each unique treatment within each site and then used the mean values as replicate observations for our 5-7 independent sites. The ignition success depended on the chosen threshold temperature for ignition and therefore, to eliminate any subjectivity, we performed the test for a range of ignition thresholds ranging from 250 to 400°C. This range was chosen based on literature and fire temperature curves (Supplementary material Appendix 1 Fig. A1 ) and this more than covers the range of soil ignition temperatures under air dry conditions (expected around 300°C based on Supplementary material Appendix 1 Fig. A1 ). In the soil-to-branch fire ladder experiment we counted the required number of gusts and potential flames to ignite the tree branches as a measure of fuel ignitability. Flames were considered potential when the gust created a flame that touched the plant material and thus potentially caused fire spread.
Species-specific combinations traits should largely determine the differences in fire behavior among species. Therefore, we measured chemical flammability traits to examine the differences among species across the spatial gradient. The moisture content was determined by collecting a small sample of the plant material shortly before the experiment and drying it for 48 h at 70°C. Total phenolics were measured with the Folin Ciocalteau method after extraction in 50% methanol, using tannic acid (Merck, Darmstadt, Germany) as a standard. Tannin concentrations were calculated after removing the tannins from the extract with PVPP and subtracting the remaining non-tannin phenolics from the total phenolics (Makkar, 2003) . The lignin and cellulose content was measured following (Poorter and Villar, 1997) . The plant material underwent several extraction steps and acid hydrolysis to remove compounds such as soluble sugars, phenols and lipids, and part of the hemicellulose. The mass of the residue, C:N ratio, corrected ash content and known difference in C content between lignin and cellulose was used to calculate the lignin and cellulose concentration (Poorter and Villar, 1997) . The terpene content was determined in the dried leaves using pyrolysis GC-MS (6890GC, 5973MS Agilent technology).
Statistical analysis
Prior to each statistical analysis we tested the presence of any site effect on the chemical traits and fire parameters, but did not find any significant effect (all P-values > 0.9). We used a generalized linear mixed model (GLMM) with a binominal distribution to determine the effect of tree species and distance between fuels on the soil ignition success. The GLMM analysis was performed with species and the distance of the plant material as fixed factors, site as a random factor and the three observations were nested within site.
The chemical traits, maximum flame temperature and temperature sum of the plant material were analyzed using a linear mixed effect model with the same fixed, random and nested factors. A significant species effect was subsequently tested in a multiple comparison test using Tukey contrasts. Pre-assessment of the data showed that our samples were independent (no site effect) and the residuals of the data were equally distributed, showing homogeneity of variance. The data were not normally distributed and common transformation, like square root and log, did not improve normality. Nevertheless, non-normality, in particular with a large sample size and variance homogeneity, only shows a minimal effect in (generalized) linear mixed effect models (Arnau et al., 2012) , because of the central limit theory (Sokal and Rohlf, 1995; Zar, 1999; Fitzmaurice et al., 2004) . For this reason, we did not use rank-transformation or non-parametric tests.
The relation between chemical traits and fire behavior parameters were first explored in a single factor regression and no relations were found. Subsequently, we performed a unconstrained ordination multivariate analyses to further explore relations between chemical traits, species and fire behavior parameters.
The numbers of gusts and flames required for plant material to ignite were also analyzed using a generalized linear mixed model with a Poisson model distribution, because gusts and flames are counted data. Also in this analysis, species and distance were fixed factors, site was a random factor and the site specific observations were nested within site. Again, the data showed homogeneity of variance.
Results
Species traits
The chemical plant traits in Fig. 4 , which were expected to have explanatory value for the fire behavior of branches, show some variation among sites and clear differences between species. The most important species difference was that we did not detect monoterpenes or sesquiterpenes in birch, but relatively large amounts in pine (F (2, 28) = 88.9; p < 0.001). Flammable terpenes in pine could have been compensated by the higher moisture content in pine compared to spruce and birch, i.e. respectively 150 and 80 mg/g higher on average over both experiments. The tannin (F (2, 31) = 4.9; p < 0.05) and lignin concentration (F (2, 29) = 18.8; p < 0.001) also showed differences among species, with different patterns for barks and leaves.
Fuel ladders from branches to soil
The soil ignition success was higher in fuel combinations with spruce or pine compared to those with birch (Fig. 5, left side) .
As expected, the soil ignition success decreased with an increasing threshold temperature for soil ignition, but more strongly so in burns including birch rather than the conifers. For example, the soil ignition success by spruce was not affected up to a threshold temperature of 375°C. For this reason, the difference between birch and spruce or pine became more significantly different at higher soil ignition threshold temperatures (Fig. 5, right side) . For each threshold temperature the soil ignition success showed a trend (0.06 < p-value < 0.2) towards higher success when the burning plant material had direct contact with the soil (Fig. 5, triangles vs. circles). Pine and spruce branches touching the soil had approximately 90% chance to pass the soil ignition threshold temperature, while birch had approximately 70-75% chance to ignite the soil. When the fuels were not in direct contact (2 cm air between the fuels) the differences between the species increased: the gymnosperms still had approximately 80% chance to reach the soil threshold temperature, while birch was more variable around a 50% mean success rate over the range of threshold temperatures. Most soil samples that reached a temperature around 400°C were able to sustain smoldering. The few examples that did not manage to sustain smoldering after reaching 400°C were soil samples that contained between 30 and 50% moisture content (MC), while the soils that did sustain smoldering had between 20 and 35% MC (Supplementary material Appendix 1 Fig. A1 and Appendix 2 Fig. A2 ).
The soil ignition success rate can be explained by differences in species flammability of the leaves and twigs. The maximum flame temperature and the sum of flame temperatures (Table 1, Fig. 6 ) showed differences among species, but were in some cases dependent on the position where temperature was measured (above or between the soil and branches).
The maximum flame temperature, measured either above of between the fuels, was on average around 200°C higher in the two conifers compared to birch (Table 1 ; Fig. 6a and b) . Spruce and pine did not differ significantly from each other. The distance between the fuels had a positive effect of 100°C on maximum flame temperature that was measured between the fuels, but had no effect on the temperatures above the plant fuel (Table 1 , Fig. 6a and b) . We did not find any interaction effect between distance and species on either of the flammability parameters.
The sum of flame temperatures was significantly different among the species when it was measured above the plant material (Fig. 6c) , but not when measured between the soil and branches (Fig. 6d) . The loggers between the fuels registered almost three times more heat when the branches and soil had no space between them compared to a 2 cm of air space between the fuels. In general the conifers had a shorter and more intense fire behavior pattern compared to birch (Fig. 7 ). Spruce and pine had a similar burning pattern that showed higher flame temperatures and these were reached approximately 100 s after ignition, while most birch fires reached the maximum flame temperature towards 200 s after ignition.
Thus, indeed burns with one of the conifers caused a stronger interaction between the branches and soil, and had a higher likelihood of causing soil ignition. Also, the distance between the fuels lowered the ignition success.
Fuel ladder from soil to branches
Birch branches were more resilient to ignition upon applying wind gusts compared to pine (p < 0.001) and spruce (p < 0.001) and required on average 4 to 5 wind gusts while pine and spruce on average required only 1 or 2 wind gusts until branch ignition (Fig. 8a) . Furthermore, the distance of the branches to the soil showed a trend, but did not significantly affect the number of gusts required to ignite the plant material (p = 0.06). The number of potential flames required to ignite the birch plant material was also higher compared to pine (p < 0.001) and spruce (p < 0.001). In this case the distance also significantly affected the number of potential flames to ignite the material (p < 0.01).
In particular birch branches touching the soil required more than twice the number of potential flames compared to the conifer branches before they fully burned (Fig. 8b) . Birch showed larger variation in ignitability than spruce and pine, but within each species the variation between the two distance treatments was similar. The plant flammability parameters, maximum temperature and sum of temperatures, were more similar among species in this soil-to-branch compared to those in the branch-to-soil fire ladder experiment (data not shown). Still, also in the fire ladder from soil to branches, the conifer species were more successful in the fire ladder compared to birch branches.
Fuel traits and fire behavior
We examined the relations between fuel traits and fire behavior parameters, but did not find a relation between any of the individual chemical traits and the fire behavior parameters and therefore assumed that only the combination of traits could have a measurable effect on the fire behavior. The multivariate analyses confirmed a clear distinction in the plant traits and fire behavior parameters of the three tree species (Supplementary material Appendix 3 Fig. A3 ). However, the PCA did not show any strong relation between chemical traits and fire behavior parameters.
Discussion
The aim of this novel and truly replicated combination of field sampling and lab fire experiment was to examine the effect of tree species identity on fire exchange via fuel ladders from branches to soil and vice versa. The results of our experiment were mostly in line with our expectations, i.e. that the fire ladder is less efficient in fuel combinations including birch compared to pine or spruce and that the distance between fuels can play a role in particularly the fire ladder efficiency from branches to soil. Thus, low-hanging spruce and pine branches had a stronger interaction (than birch) with soil and its associated surface fuels and therefore fire spread through different fuels in a fire ladder was more successful. This suggests that fire spread and/or fuel (re-)ignition is more likely to occur in a coniferous stand or a birch stand with occasional conifers compared to a completely birch-dominated stand. This has important implications for the severity and carbon emission of the fires in boreal and subarctic forests. These findings are discussed in more detail below.
Soil ignition by branches via a fire ladder
We showed that birch was less successful in soil ignition compared to pine and spruce. The maximum flame temperature and sum of heat release could explain the soil ignition success among species (Figs. 5 and 6 ), because the high mass per volume of organic soils requires a large heat input to pass a certain heat threshold and reach a self-sustaining temperature for smoldering combustion (Rothermel, 1972; Benscoter et al., 2011) . Smoldering organic layers are known for their long burning time, persistence and massive carbon emissions (Page et al., 2002; Mack et al., 2011; Rein, 2013) . The damage of a wildfire is more severe if the soil organic layer participates in the fire, thus based on our findings we suggest that conifer forest fires may cause more ecosystem disturbance and CO 2 emission than birch forest fires. 5 . Soil ignition success for a range of soil temperature thresholds for three species and two different distances between the fuels (n = 7 (3) for birch and pine and n = 5 (3) for spruce). Table 1 Species and fuel distance effect on maximum flame temperature and sum of flame temperatures.
Variable
Maximum P-values: ** P < 0.01. *** P < 0.001. Fig. 6 . The maximum flame temperature and sum of flame temperature measured above (a and c) and between (b and d) the plant material of three tree species with either 0 or 2 cm distance between the fuels (n = 7 (3) for birch and pine and n = 5 (3) for spruce). Fig. 7 . The maximum flame temperature and the time period after ignition that it was reached (a). The maximum flame temperature (b) and time until maximum flame temperature (c) from the scatterplot transformed into two density plots to highlight the distinct fire behavior pattern of the species.
Our results suggest that the plant traits responsible for fire behavior that can cause soil ignition are expected to be a combination of chemical traits and moisture content (Fig. 4 and Supplementary material Appendix 3 Fig. A3 ). Based only on the presumed most important chemical flammability traits, i.e. terpenes and low tannin, pine would be the most flammable in the fire ladder, but the higher moisture content (due to slower drying out rate) probably compensated the positive effect of flammable terpenes. Indeed spruce had lower terpene content but also lower moisture and slightly higher tannin content than pine. Although, the structural traits were not measured, the volatile terpenes in pine and spruce in combination with the leaf structure caused the leaves to become small burning missiles, especially the small leaves of spruce (frequently observed during the experiments). These small burning particles, which may represent potential short range spotting in a natural fire, were highly successful in starting the ignition of dry surface fuels on top of the soil and causing soil ignition.
The soil properties such as moisture content, bulk density (e.g. oxygen availability and inflow) and the ratio between inorganic and organic material greatly influence the ignition threshold (Roberts, 1970; Frandsen, 1987 Frandsen, , 1997 Usup et al., 2004; Grigulis et al., 2005; Rein et al., 2008) . Still, under similar soil conditions in three pine stands in NW Spain the ignition temperature ranged between 230 and 322°C (Salgado et al., 1995) . In our study we found that up to a soil temperature of 300°C the soil ignition success was constant for all species, but the ignition success decreased clearly for soil threshold temperatures above 325°C, in particular for birch (Fig. 5) . The distance between the fuels most likely plays a role in the emerging differences between species at high soil ignition threshold temperatures. In a fire ladder from branches to soil, the soil ignition mainly depends on radiant fire energy instead of both radiant and convectional energy output from the fire. The 2 cm distance between the plant material and surface fuels could be responsible for a loss in transferred heat and therefore decreased the soil ignition. This suggest that the generally lower hanging branches of spruce and birch are more likely to cause soil ignition compared to mostly higher positioned branches of pine. Thus, based on both tree morphology and species flammability our study suggests that a burning spruce stand is more likely to cause soil ignition and smoldering compared to pine and birch.
Branch ignition by smoldering soils and wind
In the fire ladder direction from soil to branches the tree morphology may play a similar important role. Although it was found that a fuel bed of spruce needle litter can be dense and poorly ventilated and therefore difficult to burn , the whole fresh branches in our experiment showed the opposite. In fact, birch branches touching the soil (Fig. 8) were more likely poorly ventilated and therefore more than twice as resistant to fire than spruce and pine. In field conditions, the low hanging branches of spruce and the easy ignition could function as an efficient fire ladder and lead to crown fires more easily. Foliated pine branches were also easily ignited after inducing gusts, but in the field pine usually has higher positioned branches and that may be a distance barrier for flames that emerge from the smoldering soil. The morphology and flammability of spruce may therefore also be the most efficient combination to enhance and promote fire development through different fuels in a fire ladder.
The (re-)ignition of surface fuels following fire spread through the soil organic carbon layer has as yet rarely been investigated (Rein, 2013) . Via smoldering soils the fire has the potential to spread over treeless ground to distant forest stands, creating fires at locations that were assumed to be isolated from the fire. This phenomenon complicates management and can be responsible for a large part of the total carbon release (Rein, 2016) . Unfortunately, little is known about the frequency and effects of this phenomenon compared to flaming fires (Watts and Kobziar, 2013) . We have shown here that surface fuel ignition, via smoldering soils, occurs easily under dry conditions and is species dependent (Fig. 8) . It was already found that fire spread via the soil layer depends greatly on the moisture content (Prat et al., 2015) and, also based on our results, this could considerably affect the re-ignition process as well. For example, fewer potential flames may emerge from the soil under moist conditions, making it less ignitable. Fuel moisture in a fire ladder may also enhance the variability of the fire behavior, just as it did in plant fuel mixtures (Blauw et al., 2015) . The interactions we found between fuels in a fire ladder were found using relative dry fuels, which might occur during extreme droughts and/or as a results of preheating of the fuels by the fire front. To what extent the interactions between fuels in a fire ladder change using wetter fuels remains for future study. In addition, the secondary metabolites in different soil horizons (litter, fermentation and humified horizon) under different tree stands, viz. birch, pine and spruce, are contrasting (Kanerva et al., 2008 ) and these differences may also affect the soil combustion, the strength of interaction with the aboveground plant material and thus the functioning of the fire ladder. Fig. 8 . The number of gusts (a) and potential flames (b) required to successfully ignite (i.e. fully burn) the branches, from a smoldering soil organic layer (n = 7 (3) for birch and pine and n = 5 (3) for spruce).
Implications and translation to the field situation
Our laboratory experiments give an indication about the potential effect of tree species identity on fire spread through a fire ladder in a field situation, but the exact implications for forest management or climate change effects remain for future study. For example, the tree density, which was not represented in our experiment, can influence the frequency of fire spread through fire ladders (Davies et al., 2013) . The tree density for Scots pine, Norway spruce and broadleaved trees (combination of species including birch) depends on the stand age, but the average density for all stand ages from 10 to 70 years is respectively, around 1500, 1700 and 2100 trees/ha (Lehtonen et al., 2004) . This would suggest that birch stands have more potential individuals to spread fire from branches to soil and vice versa. Per birch individual the success rate of fire ladders could be smaller compared to pine and spruce, but if the potential success rate would be multiplied with the number of potential individuals, it could be that the chances of a successful fuel ladder in a birch stand increases somewhat. However, if fire ladders are really inefficient in birch stands in the field or if other factors inhibit fire spread through birch stands, then tree density will be unlikely to promote it.
Besides, the trees can also function as a fire ladder by spreading the fire via the bark of their trunk as an alternative route. Bark flammability of Picea abies was lower than that of two congenerics of our birch and pine species, Betula pendula and Pinus cembra (Frejaville et al., 2013) . Although this can function as an alternative route for fire spread instead of branches and leaves, it is not expected to be as effective as spread via burning leaves and branches. In particular the volume of branches and leaves is several times higher than the stem bark. Thus, although bark is a possible alternative route, fire spread via branches and twigs is more likely and therefore spruce is more likely to ignite-and be ignited by the soil and causing higher potential fire severity. In cases where rather flammable shrubs such as Empetrum nigrum and Juniperus communis are abundant and relatively tall, they may provide an intermediate step in the fire ladder aiding pine fire ladders.
In the future the species composition in Northern Fennoscandia is expected to change, but in what direction is yet unknown, because of high uncertainty about the future precipitation (Badeck et al., 2001 ). In the scenario that pine and/or spruce outposts are able to expand their distribution and abundance, the fires are expected to increase in intensity and severity based on our results and other factors pinpointed in the literature. A mathematical model about fire frequency in American boreal forests suggested that a change from deciduous broad-leaved species (aspen, balsam poplar and birch) to black spruce or jack pine stand would increase the annual burning rate (Cumming, 2001) . Furthermore, a pine stand was, because of drier soils, found to burn more frequently than spruce (Gromtsev, 1996) . The increase in conifer abundance and possibly drier soils would cause soil ignition more frequently and therefore the fire spread would become more persistent and difficult to constrain. This could cause a larger burned area and thus a higher fire severity. Although firm conclusions would be premature, our findings for fire ladder efficiency support the view that a more conifer dominated tree composition can enhance the CO 2 release into atmosphere, especially by combustion of soil carbon.
Multiple studies have found relations between fire severity and its effect on plant regeneration and post-fire community composition (Johnstone and Kasischke, 2005; Bernhardt et al., 2011) . However, to what extent the pre-fire tree species composition affects the fire severity and fire spread from branches to soil and vice versa had not yet been studied. One study showed that mean leaf length affects the fire severity, i.e. litter and duff consumption, in temperate forest fires (Schwilk and Caprio, 2011) , but a direct link between species identity and soil ignition was not yet available. This perspective of fire behavior, because of climate change, changing plant communities and environmental conditions, may become increasingly important to carbon emission models and forest management.
Conclusions
We showed that tree species identity determines the fire ladder efficiency, i.e. fire spread from branches to soil and vice versa. This vertical fire spread may have implications for the fire severity and carbon emission from wildfires. The currently minimal knowledge about the effect of pre-fire species composition, via the effect of soil-plant fuel interactions on fire behavior and carbon emission, requires more attention in future fire research, as it may be highly relevant to both fire management and carbon emission models in a changing environment.
